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Abstract
Backgrounds: Atypicalities in tactile processing are reported in autism spectrum disorder (ASD) and attention
deficit hyperactivity disorder (ADHD) but it remains unknown if they precede and associate with the traits of these
disorders emerging in childhood. We investigated behavioural and neural markers of tactile sensory processing in
infants at elevated likelihood of ASD and/or ADHD compared to infants at typical likelihood of the disorders.
Further, we assessed the specificity of associations between infant markers and later ASD or ADHD traits.
Methods: Ninety-one 10-month-old infants participated in the study (n = 44 infants at elevated likelihood of ASD; n
= 20 infants at elevated likelihood of ADHD; n = 9 infants at elevated likelihood of ASD and ADHD; n = 18 infants
at typical likelihood of the disorders). Behavioural and EEG responses to pairs of tactile stimuli were experimentally
recorded and concurrent parental reports of tactile responsiveness were collected. ASD and ADHD traits were
measured at 24 months through standardized assessment (ADOS-2) and parental report (ECBQ), respectively.
Results: There was no effect of infants’ likelihood status on behavioural markers of tactile sensory processing.
Conversely, increased ASD likelihood associated with reduced neural repetition suppression to tactile input.
Reduced neural repetition suppression at 10 months significantly predicted ASD (but not ADHD) traits at 24 months
across the entire sample. Elevated tactile sensory seeking at 10 months moderated the relationship between early
reduced neural repetition suppression and later ASD traits.
Conclusions: Reduced tactile neural repetition suppression is an early marker of later ASD traits in infants at
elevated likelihood of ASD or ADHD, suggesting that a common pathway to later ASD traits exists despite different
familial backgrounds. Elevated tactile sensory seeking may act as a protective factor, mitigating the relationship
between early tactile neural repetition suppression and later ASD traits.
Keywords: Autism spectrum disorder, Attention deficit hyperactivity disorder, Tactile sensory processing, Tactile
sensory seeking, Repetition suppression, EEG, Alpha amplitude desynchronization, Infant sibling design
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Background
Autism spectrum disorder (ASD) and attention deficit
hyperactivity disorder (ADHD) are heritable neurodevelopmental disorders emerging early in life. ASD affects
up to 1.9% of the population [60], and core features of
the conditions are social communication difficulties, restricted and repetitive behaviours and sensory atypicalities (DSM-5 [4];). ADHD affects up to 3.4% of the
population [76] and core features of the condition are
attentional control difficulties, hyperactivity and impulsivity (DSM-5 [4];). ASD and ADHD co-occur more
often than expected based on their individual incidences,
with co-occurrence rates ranging from 40 to 80% [5, 48].
Co-aggregation is reported in individuals and families
[31]. Further, later-born siblings of children with ASD or
ADHD appear to be more likely to develop the same disorder as their older sibling, but also the other disorder
[63]. An aetiological link between ASD and ADHD is
supported by twin and family studies [69, 83, 84], and
correlated genetic variants are reported across the conditions [84, 94]. Thus, some common developmental
mechanisms are proposed to underlie the emergence of
ASD and ADHD but specific pathways have not been
identified [45–47].
Evidence from prospective studies of infants at
elevated likelihood of ASD or ADHD (i.e. by virtue of
having a first-degree relative with the disorder) highlights similarities and differences in early markers of the
two conditions. In particular, icommonalities are seen in
early sensory markers [33, 45–47, 96]. For example, reduced habituation of EEG responses to repeated auditory
tones in infancy associate with later ADHD [42] and
ASD symptoms [53]. Further, atypicalities in tactile processing (i.e. tactile hyper/hyposensitivity and atypical
tactile seeking) are documented by parental reports in
both conditions [7, 29, 30, 97]. Motor atypicalities reported in the early development of ASD and ADHD (e.g.
[27, 38, 44]) may be a consequence of common sensory
vulnerabilities, given the tight link existing between the
sensory and motor domains [30, 100]. Despite accumulating evidence that sensory-motor vulnerabilities manifest in the early development of both ASD and ADHD,
no study has yet investigated the same sensory-motor
markers as predictors of later ASD and/or ADHD traits.
Investigating the specificity of early infant markers is essential to distinguish shared or distinct causal pathways
and to understand the nature of the co-occurrence and
the aetiology of these disorders.
Much research on early sensory processing within the
neurodevelopmental disorder literature has focused on
the visual or auditory modalities [9, 59], with no study
yet assessing the potential mechanisms underlying early
tactile atypicalities through controlled experimental designs or direct assessments of brain function. Filling this

Page 2 of 18

gap in knowledge is essential, given that (1) touch is the
first sense to develop and the mean through which infants learn about the environment and themselves [13],
(2) touch is the primary modality through which infants
and caregivers communicate and interact [15, 26, 58],
(3) difficulties in tactile processing dominate first-hand
accounts from individuals with ASD [7, 35], and (4)
many animal models of sensory atypicality in ASD focus
on the tactile modality [18, 32, 40, 71].
Tactile processing in ASD and ADHD
Behavioural markers

Different average responses to tactile stimulation are reported in young populations with ASD or ADHD relative to control participants ([31, 41, 62], and patterns of
behavioural hyper/hyposensitivity to tactile stimulation
are documented in the literature [16, 96]. Parentreported, teacher-reported (e.g. Infant-Toddler Sensory
Profile, ITSP [25];), examiner-reported or self-reported
(e.g. Sensory Processing Scale, SPS [87];) measures indicate that behavioural hypersensitivity to tactile stimulation exists in children with ASD and persist through
adulthood [7, 95, 97]. Cascio et al. [17] documented a
pattern of behavioural hypersensitivity to tactile stimulation and lower self-reported judgement of tactile pleasantness in children with ASD, which associated with
elevated severity of social symptoms. Further, in a retrospective study of children with ASD relying on parentreported measures, Silva and Schalock [91] observed
signs of allodynia (i.e. painful response to touch). While
the majority of prior studies documented behavioural
hypersensitivity to tactile stimulation in children with
ASD, a few studies reported manifestations consistent
with behavioural hyposensitivity to tactile input in the
early development of the condition. For example,
Baranek et al., [8], reported children with ASD to manifest behavioural hyposensitivity during a play-based observational assessment of various sensory modalities
(including the tactile, visual and auditory modalities;
Sensory Processing Assessment, Baranek: Sensory Processing Assessment for Young Children (SPA). Unpublished manuscript), which further predicted lower
language scores. However, the authors assessed patterns
of behavioural hyposensitivity across multiple modalities,
rather than specifically addressing behavioural sensitivity
to touch. More recently, Kadlaskar et al., [49] reported
12-month-old infants later diagnosed with ASD to manifest reduced orienting to caregiver touch, which was
considered an indicator of early behavioural hyposensitivity to tactile stimulation and/or atypical social orienting. However, the authors also found that when infants
with later ASD were already attending to touch-related
locations prior to touch, they more frequently oriented
away following caregiver’s touch, thus suggesting that
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behavioural hypersensitivity to tactile stimulation may be
the predominant response when attention has already
been allocated to the source of tactile input.
Research into tactile processing in ADHD is limited.
Clinical investigations using self-reported, examiner-reported
and parent-reported measures indicate that behavioural
hyper/hyposensitivity to tactile stimulation co-exist in
ADHD individuals and they might relate to different cooccurring symptoms. For example, Ghanizadeh [29, 30]
reported that hypersensitivity associated with defiant oppositional symptoms, and hyposensitivity with separation anxiety
symptoms in children with ADHD. Reduced discrimination
of tactile input (e.g., temperature and pinprick discrimination) was documented in children with ADHD and their
unaffected siblings, thus suggesting that hyposensitivity to
tactile stimulation might be linked to familial liability for the
disorder [86].
In summary, behavioural evidence suggests that tactile
hypersensitivity mostly occurs in individuals with ASD.
Tactile processing in ADHD remains understudied, although the current evidence points to co-occurring tactile hyper/hyposensitivity.
Neural markers

Neurophysiological studies on tactile processing in ASD
have mainly investigated stimulus repetition effects [6,
70]. These paradigms allow quantification of two measures: (1) the effect of individual tactile stimulation on
initial brain responses, henceforth neural sensitivity, and
(2) the effect of repeating tactile stimulation, often manifested as a decrease in the response to the second stimulus with respect to the first stimulus, henceforth neural
repetition suppression. Studies have generally documented reduced repetition suppression to tactile stimulation in ASD. Reduced neural repetition suppression to
sequences of vibrotactile stimuli in the absence of
stimulus-locked neural hypersensitivity was documented
in a Fmr1 knock-out mouse model of ASD [40]. Increased blood-oxygen-level-dependent (BOLD) activation in the somatosensory cortex and amygdala was
reported in response to mildly aversive tactile stimulation in young participants with ASD and attributed to
reduced habituation of brain responses [36]. Controlled
psychophysical studies have also suggested that reduced
repetition suppression underlies the tactile performance
of young participants with ASD.
For example, Puts et al., [80] reported no effect of an
adapting (i.e. repeated) stimulus on tactile discrimination
thresholds in children with ASD. The effect was replicated in a follow-up study and linked to reduced levels
of the neurotransmitter GABA in the somatosensory
cortex [78, 79].
Neurophysiological studies investigating tactile processing in ADHD are limited and document reduced
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neural repetition suppression of tactile stimulation and
neural hyposensitivity. Neural hyposensitivity to nonpainful current pulses, indexed by reduced somatosensory EEG alpha power desynchronization, was reported
in adults with ADHD [23]. Increased perfusion in the
post-central gyrus was observed in adults with ADHD
and linked to inability to suppress incoming tactile input
[52]. Controlled psychophysical studies reported higher
detection thresholds and reduced repetition suppression
in children with ADHD [78, 79]. Reduced levels of the
neurotransmitter GABA were also reported in the somatosensory cortex of individuals with ADHD [25].
Overall, the reviewed evidence suggests that different
neural responses to tactile stimulation occur in individuals with ASD or ADHD relative to control participants
and these differences may result from atypical inhibitory
function in GABA-mediated circuits. However, it remains unknown if these differences are present early in
development and, if so, whether they associate with
traits of ASD or ADHD emerging in childhood.
The role of sensory seeking

Atypical responses to sensory stimulation are documented in the early development of ASD or ADHD
but putative mechanisms linking these atypicalities to
later traits remain unknown. In the tactile domain,
early atypical responsiveness has been proposed to
exacerbate later ASD symptomatology by triggering
compensatory strategies aimed at minimizing tactile
input [62].
Indeed, decreased sensory seeking is often reported in
infants with later ASD [10, 67, 96], and some have proposed that it may mediate the impact of early sensory
atypicality on later ASD traits [96, 101]. In the tactile domain, decreased seeking could represent a strategy to
minimize tactile input (which may be experienced as distressing in the presence of elevated sensory responsiveness, [45, 46, 67]). However, reduced sensory seeking
has not always been found to associate with elevated
sensory responsiveness [10, 75]. Thus, rather than a mediator, sensory seeking could represent an independent
but compounding factor in ASD. For example, it has
been proposed that reduced sensory seeking in infants
with later ASD reflects reduced capacity or motivation
to explore, rather than a consequence of atypical sensory
responsiveness [67]. Under this scenario, lower sensory
seeking may increase the impact of sensory atypicalities
by further limiting early opportunities to develop social
skills and share communication.
The current study

The goal of the current study was to investigate behavioural and neural markers of tactile sensory processing
in 10-month-old infants at elevated likelihood of ASD or
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ADHD (i.e. by virtue of having a first-degree relative
with a clinical diagnosis of ASD or ADHD) and infants
at typical likelihood of the disorders. A tactile repetition
suppression paradigm administering repeated pairs of
vibrotactile stimuli (S1–S2) was used and coupled with
the recording of EEG. We quantified behavioural
markers by coding looking and moving behaviours before and after receiving the pair of tactile stimuli. We
quantified neural markers by extracting the amplitude of
EEG oscillations in the alpha range (6–10 Hz). The
choice of analyzing the alpha rhythm (i.e. oscillations in
the range of 8–12 Hz in adults and 6–10 Hz in infants)
in the present study was motivated by three reasons.
First, the EEG alpha rhythm has been specifically associated with GABAergic inhibitory modulation in the somatosensory cortex in animals [57] and humans [1, 88].
Thus, early differences in GABA-mediated inhibitory
modulation in somatosensory regions should be
reflected
by
differences
in
alpha
amplitude
desynchronization (i.e. alpha amplitude during the task
as compared to alpha amplitude at baseline) over the
somatosensory cortex. Secondly, while GABAergic inhibition has also been associated with other EEG frequency bands (e.g. gamma rhythm), these associations
are not specific to somatosensory regions (and have
mostly been reported in other sensory modalities, e.g.
auditory modality [53];). Thirdly, while event-related potentials (ERPs) have most commonly been employed to
quantify repetition suppression, mainly in the auditory
modality [72], the literature on tactile ERPs in early development is scanty and no study has so far assessed
ERPs in a tactile repetition suppression paradigm in infancy, thus limiting our ability to specify a priori testable
predictions (e.g. in regard to the choice of ERP components to subject to statistical analysis). Furthermore, the
specificity of ERPs is debated and the neurophysiological
dynamics that give rise to ERPs are not well understood
[19], thus providing limited opportunity for linking results to physiological mechanisms such as GABAergic
inhibition. Finally, ERPs contain little information about
the underlying EEG dynamics and task-related information can be lost in the process of ERP averaging (see
[19], who provides an excellent demonstration that nonphase-locked dynamics are task-modulated but not observable in the ERPs).
Based on previous work on tactile processing in ASD
and ADHD, we predicted observing an effect of ASD
likelihood status on behavioural sensitivity, manifesting
as elevated moving and reduced screen-directed looking
(hypersensitivity) after receiving the tactile stimulation.
Since atypical neural repetition suppression has been
documented in ASD and ADHD, we predicted observing
an effect of ASD and ADHD likelihood on neural response to repeated tactile input, manifesting as reduced
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suppression of alpha amplitude desynchronization to repeated tactile stimulation. We further predicted observing an effect of ADHD likelihood status on neural
sensitivity, manifesting as reduced alpha amplitude
desynchronization (neural hyposensitivity) to the first
vibrotactile stimulus.
We assessed the longitudinal associations between
early neural (and behavioural, see SM2) markers of
tactile processing and later ASD traits (i.e. quantified
through the Autism Diagnostic Observation Schedule,
Second edition (ADOS-2) calibrated severity scores
(CSS) at 24 months [56]; Q-CHAT at 24 months in SM2
[3];) or ADHD traits (i.e. quantified through the Early
Childhood Behaviour Questionnaire (ECBQ) activity and
inhibitory control sub-scales at 24 months [77];).
Previous research indicates that these measures act as
early predictors of later symptoms of ASD and ADHD,
respectively. Shephard et al. [90] documented that higher
24-month ECBQ activity levels and inhibitory control
predict higher mid-childhood hyperactivity/impulsivity
and inattention but not ASD symptoms. Overall stability
in ADOS CSS was also reported between the ages of 2
and 15 years [34]. Therefore, ADOS-2 CSS and ECBQ
activity and inhibitory control were designated as 24month outcome measures in the current study. We predicted reduced neural repetition suppression to longitudinally predict both ASD and ADHD traits. We further
predicted reduced alpha amplitude desynchronization to
the first vibrotactile stimulus (neural hyposensitivity) at
10 months to associate with higher activity level and
lower inhibitory control at 24 months.
As a final step, we explored the role of tactile sensory
seeking (i.e. quantified through the parent-reported
Infant-Toddler Sensory Profile at 10 months, ITSP [24];)
as a potential mediator or moderator of the association
between early tactile atypicality and later ASD traits.

Methods
Recruitment approach

Participants were recruited for a longitudinal study running from 2013 to 2019. The recruitment and
categorization approach adopted in the present study is
the same employed by Begum et al., [11]. In particular,
infants could be enrolled in the study if they either had a
first-degree relative with ASD, a first-degree relative with
diagnosed or probable ADHD or no first-degree relatives
with either diagnosis. We defined the presence of ASD
as a clinical diagnosis of ASD from a licensed clinician.
We defined the presence of ADHD as a community clinical diagnosis of ADHD or a probable research diagnosis
of ADHD. For those who report concerns of ADHD
symptoms in the family where the parent or older sibling
does not have a community clinical diagnosis of ADHD,
screening questionnaires are used to examine the
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probable existence of ADHD (see SM1). This was implemented because co-occurring conditions are often
underdiagnosed in children with ASD (e.g., [68]; see [99]
for a review of co-occurrence rates), primarily because
previously DSM-IV and ICD-10 did not allow a dual
diagnosis of ASD and ADHD. Had we required a clinical
diagnosis for an infant to be coded as “elevated likelihood of ADHD”, we would have risked underidentification in those families with a proband with an
ASD diagnosis, significantly compromising the familial
diagnosis elevated likelihood design we adopted for sampling. Further, we did not want to apply different criteria
to those families with and without an older sibling with
ASD. Thus, we adopted an additional screening process
for ADHD in first-degree relatives. For siblings (aged
less than 6 years), a shortened version of the Conners
Early Childhood [20] form was used. For siblings (6 years
or older), a shortened version of the Conners 3 was
used. Thresholds for inclusion in the ADHD category
were the presence of 6 ADHD symptoms on either the
hyperactivity/impulsivity or inattention scale, and a positive score on the impairment scale. For parents, a shortened version of the Conners Adults ADHD Rating Scale
(CAARS) was used. Thresholds for inclusion were the
presence of 5 ADHD symptoms on either the hyperactivity/impulsivity or inattention scale as per updated
DSM-5 guidelines.
In terms of use of the impairment scores, we adopted
a reduced version of the Conners EC and Conners 3 for
individuals under 18 and the CAARS for individuals
aged 18+ years. The Conners EC and Conners 3 included questions regarding impairment, as such we also
included these questions in our screening forms. In
comparison, the CAARS (adult questionnaire) did not
include questions regarding impairment. In order to
maintain consistency of measure, we did not adapt the
CAARS to add impairment questions. Of note, at initial
contact with participants, parents were asked if there
were any diagnoses of ADHD in the immediate family or
if they had any concerns about ADHD. It is only if parents reported concerns that the screening process took
place. This categorization protocol is very similar to that
adapted by other labs using the prospective longitudinal
study model in infants at elevated likelihood of ADHD
(see [64]).
Each infant in the study was assigned a rating for elevated likelihood of ASD and ADHD. A rating of 1 for
ASD indicated the presence of ASD in a parent or older
sibling; a rating of 1 for ADHD indicated that presence
of ADHD in a parent or older sibling; and a rating of 0
for either category indicated no confirmed presence of
the relevant condition. Thus, infants at elevated likelihood of ASD (EL-ASD), infants at elevated likelihood of
ADHD (EL-ADHD), infants at elevated likelihood of
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ASD and ADHD (EL-ASD+ADHD) and infants at typical likelihood of the conditions (TL) participated to this
research. TL infants had at least one older sibling with
typical development and no first-degree relatives with a
diagnosis of ASD or ADHD. These infants were recruited from a volunteer database at the Centre for Brain
and Cognitive Development, Birkbeck, University of
London. All infants were born full-term (gestational age
38–42 weeks). At the time of enrolment, none of the infants had a known medical or developmental condition.
Informed written consent was provided by the parent(s)
prior to the commencement of the study. Infants were
tested if awake and in an alert state. The experimental
protocol was approved by the National Research Ethics
Service and the Research Ethics Committee of the Department of Psychological Sciences, Birkbeck, University
of London and the Psychology Department, King’s College London. Families were reimbursed expenses for
travel, subsistence and overnight stay if required. Infants
were given a certificate and t-shirt after each visit.
Participants

One hundred and fifty-two 10-month-old infants participated in the study: 79 EL-ASD infants, 27 EL-ADHD infants, 21 EL-ASD+ADHD infants and 25 TL infants,
with no family history of the disorders. Of these, 61 infants were tested but not included in the final sample
because of low tolerance of the EEG net (n = 8), fussiness/excessive movement artefacts (n = 38) and equipment failure (n = 15). One infant contributed EEG data
but was not included in the behavioural analyses due to
missing video recording. Accordingly, EEG data was
contributed by 91 infants (90 infants contributed behavioural data): 44 EL-ASD infants, 20 EL-ADHD infants, 9
EL-ASD+ADHD infants and 18 TL infants. For descriptive statistics see Tables 1 and 2. There was no significant effect of likelihood status on participants’ attrition
rate, χ2(3) = 6.9, p = .075.
Stimuli

Vibrotactile stimuli were delivered by two custom-built
voice coil tactors driven by a 220-Hz sine wave and controlled by a custom MATLAB® script. The choice of a
220-Hz sine wave as a tactile stimulus was based on
prior literature investigating tactile perception in early
typical development [2]. The tactors were placed in direct contact with the bare soles of the infant’s feet, securing them with cohesive bandage. A repetition
suppression paradigm was used: pairs of 200-ms stimuli
(S1–S2) were simultaneously delivered to both feet, with
700-ms inter-stimulus interval (ISI) (constant) within
the pair and 8–12 s ISI (random) between the pairs (Fig.
1a). Thirty-eight pairs of vibrotactile stimuli were administered during two blocks lasting 4 min each, while
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Table 1 Detailed characterization of behavioural measures at the 10- and 24-month assessments for EL-ASD, EL-ADHD, ELASD+ADHD and TL participants who contributed to the EEG analyses
EL-ASD

EL-ADHD

EL-ASD+ADHD

TL

p values

Age in days

318.65 (13.42)

326.55 (29.76)

316.56 (14.05)

323.22 (16.77)

.378 (ns)

MSEL ELC

86.47 (14.39)

86.05 (17.09)

80.78 (15.82)

91.11 (9.65)

.359 (ns)

MSEL GM

37.67 (8.51)

39.75 (9.92)

33.56 (9.81)

33.11 (9.87)

.102 (ns)

MSEL FM

50.14 (11.22)

53.65 (15.26)

46.55 (13.65)

50.78 (8.09)

.499 (ns)

MSEL VR

48.56 (9.09)

47.10 (10.46)

48.00 (8.29)

50.61 (5.75)

.669 (ns)

MSEL RL

36.30 (10.03)

34.65 (10.37)

34.11 (10.87)

41.05 (8.05)

.174 (ns)

MSEL EL

36.35 (13.05)

34.95 (13.22)

30.22 (12.97)

39.11 (9.86)

.367 (ns)

N (% boys)

43 (43.2)

20 (60)

9 (55.6)

18 (50)

ITSP Tactile Seeking

2.40 (0.99)a

1.90 (0.54)

2.33 (0.97)

1.81 (0.39)

.003*

Age in days

777.00 (19.66)

771.12 (40.38)

755.57 (19.66)

764.40 (43.63)

.610 (ns)

MSEL ELC

101.87 (20.87)a

104.76 (21.61)

92.86 (18.08)a

120.00 (15.53)

.011*

MSEL GM

N/A

N/A

N/A

N/A

10-month visit

24-month visit

MSEL FM

50.95 (10.39)a

50.82 (11.90)

49.43 (12.15)

61.20 (10.72)

.015*

MSEL VR

50.20 (13.27)a

55.53 (11.86)

43.86 (8.80)a

63.67 (8.37)

.001**

MSEL RL

51.41 (14.11)

50.34 (13.44)

47.43 (9.13)

57.87 (7.43)

.217 (ns)

MSEL EL

49.47 (15.72)

52.23 (15.21)

44.28 (11.46)

58.00 (12.79)

.159 (ns)

N (% boys)

38 (42.1)

17 (58.8)

7 (57.1)

15 (40)

ADOS-2 CSS

2.97 (2.26)a

2.65 (1.97)

3.14 (2.03)a

1.40 (0.63)

.040*

ECBQ inhibitory control

3.74 (1.29)

3.84 (0.97)

3.22 (1.61)

4.31 (0.92)

.250 (ns)

ECBQ activity

4.54 (0.84)

4.88 (1.04)

5.11 (0.74)

4.62 (0.72)

.325 (ns)

Q-CHAT

24.37 (12.17)

28.00 (10.96)

31.08 (15.19)

21.05 (3.82)

.202 (ns)

*p < .05
** p ≤ .001
aSignificant differences with the TL group
M (SD) reported for age in days, MSEL ELC (Mullen Scales for Early Learning Early Composite Score), MSEL GM (Mullen Scales for Early Learning Gross Motor Score),
MSEL FM (Mullen Scales for Early Learning Fine Motor Score), MSEL VR (Mullen Scales for Early Learning Visual reception Score), MSEL RL (Mullen Scales for Early
Learning Receptive Language Score), MSEL EL (Mullen Scales for Early Learning Expressive Language), ITSP Tactile Seeking (tactile sensory seeking average score of
the Infant-Toddler Sensory Profile), ADOS-2 CSS (ADOS-2 Calibrated Severity Scores), ECBQ inhibitory control (inhibitory control subscale of the Early Childhood
Behaviour Questionnaire), ECBQ activity (activity subscale of the Early Childhood Behaviour Questionnaire), Q-CHAT (Quantitative Checklist for Autism in Toddlers)

infants underwent EEG. A 2-min interval corresponded
to the end of the first block and beginning of the second
block. An animated cartoon with no language component was presented throughout the session (Fantasia by
Walt Disney) and served two functions: to distract

infants’ attention away from the tactile stimulation and
to mask the sound produced by the tactors themselves.
Total experiment duration was 10 min but the experimenter could interrupt the session earlier in case of infant’s fussiness or if requested by the parent.

Table 2 Number of EL-ASD, EL-ADHD, EL-ASD+ADHD and TL
infants included and excluded from the 10-month EEG analyses
(i.e. due to contributing less than 10 artifact-free trials) and
number of trials presented and retained for each group

Apparatus and procedure

EL-ASD

EL-ADHD

EL-ASD+ADHD

TL

p values

Included

44

20

9

18

.075 (ns)

Excluded

19

4

7

7

.318 (ns)

EL-ASD

EL-ADHD

EL-ASD+ADHD

TL

p values

Presented

35

36

37

35

.570 (ns)

Retained

17

16

18

16

.865 (ns)

Participants (n)

Trials (n)

Testing took place in a dimly illuminated room. Infants
were seated on a parent’s lap, 60 cm from a screen (27
inches; width 59.77 cm, height 33.62 cm) and were
allowed to use a pacifier. The sequence and timing of
stimulus presentation were controlled using MATLAB®.
High-density EEG was collected using 124 channels of a
128-channel HydroCel-Geodesic Sensor Net connected
to a NetAmps 400 amplifier (Electrical Geodesic, Eugene, OR) and referenced on-line to the vertex (Cz). Signals were sampled at 500 Hz. A video camera situated
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Fig. 1 a Representation of the sequence of events in the tactile repetition suppression paradigm. Pairs of 200-ms-long vibrotactile stimuli were
delivered to the infants’ feet with a 700-ms ISI within the pair and 8–12 s ISI between the pairs. Pre-stimulus and post-stimulus phases (4 s each)
are highlighted in yellow. b High-density EEG was recorded while vibrotactile stimuli were delivered to the infants’ feet through custom-made
tactors (the light blue circle indicates the location of one tactor). c Hydrocel-Geodesic Sensor Net montage displaying the central somatosensory
pool of electrodes (black circle) used for quantifying α desynchronization (6–10 Hz) to vibrotactile stimulation. The pool corresponded spatially to
the somatotopic representation of the human feet.

below the screen used for stimulus presentation recorded the infants’ bodily and facial behaviour (Fig. 1b).
This information was used for online monitoring of infants’ performance and offline behavioural coding.
Behavioural assessment scales

The Mullen Scales of Early Learning [66] were administered at the 10 and 24-month visits in the standardized
format. The 10-month Mullen data was collected for 90
out of 91 infants contributing to the EEG analyses. The
10-month ITSP was returned for 78 out 91 participants
contributing to the EEG analyses. At 24 months, 12 participants dropped-out from the longitudinal study. Thus,
at this visit, Mullen data was collected for 77 participants
and ADOS-2 assessment was performed for 79 out of 91
infants contributing to the EEG analyses. The 24-month
Q-CHAT was returned for 74 participants (see SM2 for
analyses on this measure). The 24-month ECBQ was
returned for 71 participants. Detailed characterization of
each measure for participants contributing to the EEG
analyses is reported in Table 1. Full characterization is

reported in SM4 Table 1. We also report in SM details
on how scores indexing the sensory seeking quadrant
within the tactile domain of the ITSP were computed,
alongside assessment of their internal consistency and
composite reliability (SM1) and investigation of the effect
of likelihood status on this measure (SM2).
Infants’ behaviour coding

Infants’ bodily and facial behaviour was scored with a
computerized frame-by-frame coding system (25 frames/
second—EGI Movie Player, Electrical Geodesic). The
category of body movement included any head, upper
and lower limbs or feet movements. The category of facial behaviour included only screen-directed looking.
Looking and movement were scored using a binary coding procedure (i.e. looking = 1; not looking = 0; moving
= 1; not moving = 0) during the “pre-stimulus phase” (4
s before S1) and the “post-stimulus phase” (4 s after S2)
(Fig. 1a). The binary codes of looking vs. not looking
and moving vs. not moving were calculated based on
whether looking or movement occurred/did not occur
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during the pre-stimulus and post-stimulus phases. No
coding was performed during the 700-ms ISI because
the interval was too short to observe changes in infants’
looking or body movement. A second observer independently coded a random 40% of video files (i.e. 36 infants). Both coders were blind to infants’ likelihood
status. Conversely, coders were not blind to trial period
(i.e. “pre-stimulus phase” and “post-stimulus phase”).
An interrater reliability analysis using intra-class correlation (ICC; absolute agreement type, average measures) indicated high agreement for looking behaviours during the prestimulus phase, ICC = .996, 95% CI [.992, .998], p < .001; for
looking behaviours during the post-stimulus phase; ICC =
.998, 95% CI [.996, .998], p < .001; for body movement
behaviours during the pre-stimulus phase, ICC = .994,
95% CI [.989, .997], p < .001; for body movement behaviours during the post-stimulus phase, ICC = .997,
95% CI [.994, .998], p < .001.

subtracted from the whole epoch at each frequency. Individual epochs were averaged for each participant. Inspection of the time-frequency plots revealed that 6–10Hz alpha amplitude desynchronization occurred at S1
and S2 offset over the central scalp site. Based on previous literature [21] and on visual inspection of both the
grand-averaged and individual time-frequency plots,
channels (CH) 7, 31, 55, 80, and 106 (Fig. 1c) were selected and the average 6–10-Hz alpha desynchronization
oscillatory amplitude extracted for two 500-ms-long
time windows time-locked to S1 and S2 offset, respectively (Fig. 2). Two alpha amplitude desynchronization
measures were computed: S1 alpha amplitude
desynchronization (indexing neural sensitivity to the first
vibrotactile stimulus) and S2–S1 alpha amplitude
desynchronization or tactile suppression index (TSI;
indexing neural repetition suppression of tactile
stimulation).

EEG recording and analysis

Analytical strategy

EEG data was pre-processed offline using Net Station
(Electrical Geodesic). Continuous EEG was filtered using a
0.3–40-Hz band-pass filter. The EEG signal was segmented from 200 ms prior to S1 onset through 1800 ms
after S1 onset. Automated artifact detection was applied
to the segmented data to detect individual epochs that
showed > 200-μV voltage changes within the segment
period. EEG recordings were visually inspected, and individual channels within segments were eliminated from the
analysis if artifacts occurred. Segments in which > 15% of
the channels (18 channels) were marked as bad were excluded from the analysis. For the remaining trials, spherical spline interpolation was conducted to replace data for
bad channels using the five closest electrodes. Infants were
excluded from the analysis if they had less than 10
artifact-free segments (see Table 2).

Statistical analyses were conducted in SPSS v23 [43].
Likelihood status was dummy coded, and a factorial approach was used to test for the main effect of ASD,
ADHD and the interaction between these factors on behavioural and EEG markers of tactile processing. The
likelihood factor was computed as follows: EL-ASD infants were assigned a “1” for ASD likelihood and a “0”
for ADHD likelihood (1 0), EL-ADHD infants were
assigned a “0” for ASD likelihood and a “1” for ADHD
likelihood (0 1), EL-ASD+ADHD infants were assigned a
“1” for ASD likelihood and a “1” for ADHD likelihood (1
1) and TL infants were assigned a “0” for ASD likelihood
and a “0” for ADHD likelihood (0 0). This approach was
taken to examine any additive/protective effects of having an elevated likelihood of both disorders. For tables
and figures, infants were split into four groups: EL-ASD,
EL-ADHD, EL-ASD+ADHD and TL.
Prior to performing any inferential statistical analyses,
the variables were assessed for normality. Where significant violations of normality existed, data was normally
transformed (i.e. details on normality violations and
transformations are reported in the results section).
First, we assessed the effect of likelihood status on behavioural markers of sensitivity to tactile stimulation
during the experiment. We ran separate repeated measures ANOVAs with stimulation (two levels: prestimulus and post-stimulus) as within-subject factor and
screen-directed looking or body movement occurring
during each phase as dependent variables, respectively.
In SM2, we reported results from the same analyses conducted on an extended sample of participants, which included those who contributed EEG data and those who
were excluded from the EEG analyses due to fussiness/
movement artifacts. Further, in SM2, we reported results

Time-frequency analysis of EEG

Time-frequency decomposition was used to quantify oscillatory alpha amplitude desynchronization to tactile
stimulation (i.e. 6–10-Hz alpha amplitude during the
task as compared to alpha amplitude at baseline).
Artifact-free segments were imported into MATLAB®
using EEGLAB (v. 13.4.3b) and re-referenced to the
average reference. The collection of scripts WTools (see
[73]; available upon request) was used for spectral decomposition, employing complex Morlet wavelets for
the frequencies 3–20-Hz (1-Hz resolution). A continuous wavelet transformation of all segments by means of
convolution with each wavelet was performed, and the
absolute value of the results was extracted. One hundred
milliseconds of data was cut at segment ends to remove
the distortion due to convolution. The amplitude of the
100-ms pre-stimulus window was used as a baseline and
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Fig. 2 Time-frequency plots illustrating the amplitude of α (6–10 Hz) oscillations time-locked to S1 and S2 offset for each participant group (TL =
infants at typical likelihood of ASD or ADHD; EL-ADHD = infants at elevated likelihood of ADHD; EL-ASD = infants at elevated likelihood of ASD;
EL-ASD+ADHD = infants at elevated likelihood of ASD and ADHD). Black dotted rectangles indicate the first and second vibrotactile stimulations.
Red dotted squares indicate the 500-ms-long time-windows post-stimulus offset selected for statistical analysis. Amplitude scale is − 0.5, 0.5 μv

from analyses assessing the effect of likelihood status on
behavioural markers of sensitivity to tactile stimulation
assessed through parental reports (i.e. ITSP [24];). We
ran separate univariate ANOVAs with tactile sensory
sensitivity and low registration as dependent variables,
respectively. We further conducted these analyses on the
extended participant sample. Furthermore, we assessed
in SM2 the consistency between behavioural markers of
sensitivity to tactile stimulation assessed during the EEG
task and assessed through parental reports (i.e. ITSP
[24];) through sets of Pearson correlations.
Secondly, we assessed the effect of likelihood status on
neural markers of tactile sensory processing. We ran
separate univariate ANOVAs with sensitivity to tactile
stimulation (i.e. alpha amplitude desynchronization to
the first vibrotactile stimulus, S1) and neural repetition
suppression (i.e. TSI, S2–S1) as dependent variables,
respectively.
Thirdly, we examined the longitudinal associations between neural markers (and behavioural markers, in SM2)
and later ASD or ADHD traits with a set of hierarchical
linear regressions for normally distributed outcome measures or Spearman correlations for non-normally distributed outcome measures. When significant associations
between predictor and one outcome variable existed, we
further investigated the potential moderating effect of the
likelihood factors on these associations.
Finally, we explored the role of tactile sensory seeking
as a mediator or moderator of the relationship between
early tactile atypicality and later ASD traits. The mediation and moderation analyses were conducted using
PROCESS macro in SPSS [39]. Significant moderation
effects were further explored through spotlight and
floodlight analyses [93]. A simple slop plot for illustrating results of the spotlight analysis and a Johnson-

Neyman plot for illustrating results of the floodlight analysis were generated with the workbook CAHOST [14].
In SM2, we further investigated the potential mediating
or moderating role of tactile sensory avoiding (this analysis was conducted following the same pipeline used for
assessing the mediating/moderating effect of tactile sensory seeking; see the “Additional analyses” section for
further details).

Results
Behavioural markers
Screen-directed looking

A main effect of stimulation (pre- vs. post-stimulus
phase) emerged, F(1,86) = 16.54, p < .001, η2 = .161, indicating looking away from the screen after receiving the
tactile stimulation. There was no significant interaction
between stimulation and ASD likelihood status, F(1,86)
= 0.82, p = .776, η2 = .001, or between stimulation and
ADHD likelihood status, F(1,86) = 1.97, p = .164, η2 =
.022. There was also no significant three-way interaction
between stimulation, ASD and ADHD likelihood status,
F(1,86) = 1.006, p = .319, η2 = .012, see SM3 Fig. 1a.
Body movement

A main effect of stimulation (pre- vs. post-stimulus phase)
emerged, F(1,86) = 29.87, p < .001, η2 = .258, indicating increased movement after receiving the tactile stimulation.
There was, however, no significant interaction between
stimulation and ASD likelihood status, F(1,86) = .001, p =
.995, η2 = .000, or between stimulation and ADHD likelihood status, F(1,86) = 3.35, p = .071, η2 = .037. There was
also no significant three-way interaction between stimulation, ASD and ADHD likelihood status, F(1,86) = .081, p =
.776, η2 = .001, see SM3 Fig. 1b.
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Neural markers
Neural sensitivity (S1)

There was no significant main effect of ASD likelihood
status, F(1,87) = .803, p = .373, η2 = .009, or ADHD likelihood status, F(1,87) = 1.267, p = .263, η2 = .014, and
no significant interaction between ASD and ADHD likelihood status, F(1,87) = .034, p = .854, η2 = .000, see Figs.
2 and 3.
Neural repetition suppression (TSI: S2–S1)

Infants with an elevated ASD likelihood manifested
reduced neural repetition suppression to tactile stimulation F(1,87) = 6.089, p = .016, η2 = .065. There was
no significant main effect of ADHD likelihood status,
F(1,87) = .366, p = .547, η2 = .004. Further, there was
no significant interaction between ASD and ADHD
likelihood status, F(1,87) = .229, p = .634, η2 = .003,
see Fig. 4.
Associations between neural markers and later ASD or
ADHD traits

We report below the associations between neural
markers of tactile sensory processing and later ASD or
ADHD traits. In SM2, we report the associations between the same neural measures and parental reports of
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ASD traits (i.e. quantified through the Q-CHAT at 24
months) and general development (i.e. quantified
through Mullen Scales at 10 and 24 months).
Associations with ASD traits at 24 months

ADOS-2 CSS significantly violated normality assumptions (Shapiro-Wilk, p < .001; Skewness = 1.471, SE =
.218; Kurtosis = 1.571, SE = .433) and were logtransformed prior to the analyses.
The hierarchical linear regression with S1 alpha amplitude desynchronization as predictor and ADOS-2 CSS
(log) as outcome was not statistically significant, F(1,77)
= .317, p = .575, R2adj = .004. The result did not change
when ECBQ activity was partialled out, F(2,66) = .245, p
= .783, R2adj = .000, 95% CI for B [− .147, .235] and when
ECBQ inhibitory control was partialled out, F(2,65) =
1.382, p = .258, R2adj = .011, 95% CI for B [− .249, .030].
The hierarchical linear regression with TSI as predictor and ADOS-S CSS (log) as outcome was statistically significant, F(1,77) = 15.795, p < .001, R2adj = .159,
indicating that infants with lower neural repetition suppression of tactile stimulation at 10 months exhibited
higher levels of ASD traits at 24 months. In step 2, the
likelihood factors and the interaction terms were entered
as predictors (ASD-L, ADHD-L, interaction between

Fig. 3 Boxplots illustrating the amplitude of α (6–10 Hz) oscillations time-locked to S1 and S2 offset for each participant group (green = infants at
typical likelihood of ASD or ADHD; violet = infants at elevated likelihood of ASD; grey = infants at elevated likelihood of ADHD; orange = infants
at elevated likelihood of ASD and ADHD). A significant reduction in α desynchronization with repeated tactile stimulation occurred only in TL
infants. **p < .001

Piccardi et al. Journal of Neurodevelopmental Disorders

(2021) 13:1

Page 11 of 18

Fig. 4 Boxplot illustrating the tactile suppression index, α (6–10 Hz), for each participant group (green = infants at typical likelihood of ASD or
ADHD; violet = infants at elevated likelihood of ASD; grey = infants at elevated likelihood of ADHD; orange = infants at elevated likelihood of
ASD and ADHD). *p < .05

ASD-L and TSI, interaction between ADHD-L and TSI).
The model remained statistically significant, F(5,73) =
4.13, p = .002, R2adj = .167, but did not account for a significantly higher proportion of variance relative to a
model with only TSI as predictor, F change (4,73) =
1.17, p = .329. There was no evidence of moderation by
either ASD likelihood (β = .059, p = .852) or ADHD likelihood (β = .003, p = .987). The results from step 2 did
not change when ECBQ activity was partialled out, F(6,
62) = 4.087, p = . 002, R2adj = .214, 95% CI for B [− .170,
.163]; when ECBQ inhibitory control was partialled out,
F(6,61) = 4.226, p = . 001, R2adj = .294, 95% CI for B
[− .189, .071], see Fig. 5a and Table 3.
Associations with ADHD traits at 24 months

The hierarchical linear regression with S1 alpha amplitude desynchronization as predictor and ECBQ activity
as outcome was not statistically significant, F(1,69) =
.797, p = .375, R2adj = .011, and that with ECBQ inhibitory control as outcome was also not statistically significant, F(1,68) = .920, p = .341, R2adj = .013. Both results
did not change when ADOS-2 CSS was partialled out:
for ECBQ activity, F(2,66) = .497, p = .611, R2adj = .000,
95% CI for B [− .225, .371] and for ECBQ inhibitory control, F(2,65) = 1.716, p = .188, R2adj = .021, 95% CI for B
[− .742, .071].
The hierarchical linear regression with TSI as predictor and ECBQ activity as outcome and was not statistically significant, F(1,69) = 1.92, p = .170, R2adj = .013,
and that with ECBQ inhibitory control as outcome was
also not statistically significant, F(1,68) = .838, p = .363,
R2adj = .012. Both results did not change when ADOS-2

CSS was partialled out: for ECBQ activity, F(2,66) = .947,
p = .393, R2adj = .000, 95% CI for B [− .358, .297] and for
ECBQ inhibitory control, F(2,65) = 1.329, p = .272, R2adj
= .010, 95% CI for B [− .754, .174], see Fig. 5b and c.
Mediating/moderating effect of tactile sensory seeking

Results from previous analyses indicated that reduced
neural repetition suppression of tactile stimulation (TSI)
is a marker significantly capturing the effect of ASD likelihood status at 10 months and predicting ASD traits at
24 months.
We then assessed whether tactile sensory seeking significantly mediated or moderated the relationship between TSI and later ASD traits (see SM3, Fig. 3). To
conclude that tactile sensory seeking mediates the relationship between early neural repetition suppression of
tactile stimulation and later ASD traits, a significant indirect effect of neural repetition suppression on ASD
traits, through tactile sensory seeking, should be observed. Two pathways comprise the indirect effect: (1) “a
path” represents the relation between neural repetition
suppression and tactile sensory seeking and (2) “b path”
represents the relation between neural repetition suppression and ASD traits, controlling for tactile sensory
seeking. An indirect effect is statistically significant when
the confidence interval for the product of the unstandardized coefficients for these two paths does not include zero.
To conclude that tactile sensory seeking moderates the
relationship between early neural repetition suppression
of tactile stimulation and later ASD traits, a significant
interaction effect between neural repetition suppression
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Fig. 5 Scatterplots illustrating the associations between tactile suppression index (S2–S1 α amplitude) at 10 months and a ADOS-2 CSS at 24
months (p < .001), b ECBQ activity at 24 months (p = ns) and c ECBQ inhibitory control at 24 months (p = ns). Groups are illustrated with different
colours (green = infants at typical likelihood of ASD or ADHD; violet = infants at elevated likelihood of ASD; grey = infants at elevated likelihood
of ADHD; orange = infants at elevated likelihood of ASD and ADHD). Notes: (1) Fit lines are presented for an average of all infants. (2) The
participant with a TSI < − 1 in a does not appear in b and c since this infant did not contribute ECBQ data

and tactile sensory seeking on ASD traits should be
observed.
In the following mediation and moderation analyses,
bias-corrected confidence intervals for effects of interest
were generated using 5000 bootstrap samples with the
confidence level set at 95%.
Mediation model

The direct effect of TSI on ADOS-2 CSS (log) was statistically significant at 95% CI [− 1.759, − .537]. The direct
effect of tactile sensory seeking on ADOS-2 CSS (log)
was also statistically significant at 95% CI [.091, .547].
No evidence for an indirect effect of TSI on ADOS-2
CSS (log) through tactile sensory seeking emerged: (1) “a
path” from tactile sensory seeking to TSI was not statistically significant at 95% CI [− 1.066, .226] and (2) “b
path” from TSI to ADOS-2 CSS (log) controlling for
tactile sensory seeking was not statistically significant at
95% CI [− .408, .001].
Moderation model

The interaction effect between TSI and tactile sensory
seeking on ADOS-2 CSS (log) was statistically significant
at 95% CI [− 2.919, − .154], indicating a moderation role
of tactile sensory seeking. Analysis of the conditional effects (i.e. spotlight analysis) indicated that TSI

significantly predicted ADOS-2 CSS when tactile sensory
seeking was low (95% CI [− 3.340, − 1.086], p < .001) or
average (95% CI [− 1.807, − .614], p < .001) but not high
(95% CI [− 1.241, .825], p = .688). Johnson-Neyman analysis (i.e. floodlight analysis) indicated that the association between tactile suppression index and ADOS-2
CSS (log) was not significant for values of tactile sensory
seeking ≤ 2.13 (i.e. high tactile seeking), see Fig. 6 and
Table 4.
Additional analyses

Tactile sensory avoiding may be seen as the opposite to
tactile sensory seeking and may better capture its mediating function. We found no evidence of tactile sensory
avoiding (from ITSP at 10 months) mediating or moderating the relationship between TSI at 10 months and
ADOS-2 CSS at 24 months (see SM2).

Discussion
The goal of the present study was to investigate behavioural and neural markers of tactile sensory processing
in 10-month-old infants at elevated likelihood of ASD or
ADHD and infants at typical likelihood of the disorders.
First, we quantified infants’ behavioural responses to repeated tactile stimulation, as objective assessment of infants’ behavioural sensitivity. We observed that all

Table 3 Correlation coefficients (Pearson r) for associations between S1 α desynchronization, S2-S1 α desynchronization (10 months)
and ADOS-2 CSS (log) (24 months) or ECBQ activity (24 months) or ECBQ inhibitory control in the entire sample
Entire sample

ADOS-2 CSS (log)

ECBQ activity

ECBQ inhibitory control

α S1

− .064

− .107

.116

α S2–S1

− .413**

− .165

.110

**p < .001
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Fig. 6 a Scatterplot illustrating the moderating effect of tactile sensory seeking (10 months) on the association between tactile suppression index
(S2–S1 α amplitude) at 10 months and ADOS-2 CSS at 24 months. b Plot of simple slopes illustrating the interaction effect of tactile sensory
seeking: the association between tactile suppression index and ADOS-2 CSS (log) is significant for average and low tactile sensory seeking (p <
.001) but not significant for high tactile sensory seeking (p = .688). c Johnson-Neyman plot illustrating the region of significance of the
moderator: the association between tactile suppression index and ADOS-2 CSS (log) is not significant for values of tactile sensory seeking ≤ 2.13
(i.e. high tactile seeking)

infants, independent of their likelihood status, exhibited
a decrease in screen-directed looking and an increase in
body movement from the pre to the post-stimulus
phase. Previous reports of behavioural sensitivity used
parental reports [7, 30, 97]. Other laboratory-based
experimental and observational measures failed to report
differences in behavioural sensitivity. For example,
behavioural sensitivity measured during a structured observational task comprising self-directed and examinerdirected tactile stimulation (i.e. Tactile Defensiveness
and Discrimination Test Revised; TDDT-R) did not associate with ASD core symptoms, as measured by the
Table 4 Conditional effects of tactile suppression index (10
months) on ADOS-2 CSS (24 months) depending on ITSP tactile
sensory seeking (10 months)
ITSP tactile sensory seeking

B

p

95% CI

Mean +1SD (low seeking)

− 2.213**

< .001

− 3.340, − 1.086

At the mean (average seeking)

− 1.210**

< .001

− 1.807, − .614

Mean −1SD (high seeking)

− 0.208

.688

− 1.241, .825

**p < .001

ADOS and ADI-R [28]. Further, there is evidence that
parental reports do not always correlate with clinical or
experimental observations [28, 61]. In our study, a
parent-reported measure (i.e. behavioural sensitivity to
tactile stimulation quantified through the sensory sensitivity and low registration quadrants of the ITSP) was
also unaffected by likelihood status (see SM2 for this
analysis). Thus, this evidence suggests that the absence
of behavioural differences at 10 months may not be a
consequence of the coding approach used. Nonetheless,
it is important to note that the coding approach adopted
was not designed to detect fine-grained differences in
behavioural sensitivity. Thus, we cannot rule out the
possibility that subtle differences in behavioural manifestations existed between the groups. Alternatively, it is
also possible that stronger or more aversive stimulation
may be needed to observe an effect of likelihood status
on behavioural sensitivity to tactile input. While no significant results emerged from the investigation of the effect of likelihood status on behavioural or parentreported markers of sensitivity to tactile stimulation, we
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did observe significant associations between change in
movement from the pre-stimulus to the post-stimulus
phase and parental reports of behavioural sensitivity to
tactile stimulation (as assessed through the ITSP [24];
see SM2), thus suggesting that both experimental observation and parental reports were capturing meaningful
variation in infants’ sensitivity to tactile input. In particular, results indicated that infants manifesting elevated
increase in movement from the pre-stimulus to the
post-stimulus phase were reported by parents to display
enhanced tactile sensory sensitivity (and enhanced tactile
low registration, see SM2 for further discussion of this
result). Altogether, this evidence highlights the importance of an integrated approach, combining experimental
and parent-reported measures, to investigate tactile sensory processing in early development.
In contrast to our hypothesis, response strength to the
first stimulus in the pair did not associate with participants’ likelihood status. Based on previous studies, we
predicted neural hyposensitivity to S1 to associate with
an ADHD likelihood status and to predict later ADHD
traits [23, 52, 78, 79]. Neither neural sensitivity to S1 differentiated infants with an ADHD likelihood status nor
did it predict later activity or inhibitory control traits
measured with the parent-reported ECBQ. The lack of
association between neural sensitivity to S1 and the
ADHD likelihood status or later ADHD traits is surprising, given that theoretical accounts often assume the
hyperactivity and reduced inhibitory control characteristic of ADHD to compensate for sensory hyposensitivity
(e.g. [101]). Experimental evidence in support of this hypothesis remains scarce. For example, Bijlenga et al. [12]
failed to document hyposensitive-related behaviours in
adults with ADHD. We need to note that, in our study,
we used the parental report ECBQ to quantify ADHD
traits in 24-month-old toddlers. Although ECBQ activity
and inhibitory control at 24 months associate with
ADHD symptoms at 7 years [90], these measures may
not capture the whole spectrum of later ADHD
symptomatology.
Neural sensitivity to S1 also did not associate with the
ASD likelihood status or predict later ASD traits, quantified through ADOS-2 CSS. Although one report documented a significant positive association between neural
sensitivity to S1 and ASD traits in 8–18-year-old participants with ASD [51], the majority of animal and human
research converges in suggesting that reduced neural
repetition suppression of tactile stimulation characterizes this condition [36, 40, 78–80]. In other sensory modalities (i.e. auditory), reduced neural repetition
suppression in the absence of neural hypersensitivity in
ASD has also been documented [65]. Reduced neural
repetition suppression, rather than increased response to
a single stimulus, may account for the behavioural
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profile of sensory hypersensitivity documented in the
early development of ASD [7, 16, 97].
In addition to assessing infants’ neural sensitivity to
S1, our task was designed to measure neural repetition
suppression of tactile stimulation (S2–S1). Atypicalities
in neural repetition suppression have been documented
in populations with ASD and ADHD, with accumulating
evidence coming from the auditory modality [65, 70, 92],
including in populations of infants at elevated likelihood
of ASD [37, 53, 89]. Hence, we predicted to observe significant effects of ASD and ADHD likelihood status on
neural repetition suppression. While significant reduction in alpha amplitude desynchronization to repeated
tactile stimulation only occurred in infants at typical
likelihood of the conditions, only the ASD likelihood status impacted as a factor on this measure. This result was
reinforced by the finding of a specific association between neural repetition suppression of tactile stimulation
at 10 months and ASD traits at 24 months, across the
entire sample. This association was not moderated by
likelihood status, suggesting that the pathway identified
is independent of familial contributions. Previous work
questioned whether ASD manifests the same phenotype
when accompanied by ADHD [90, 98]. Our results suggest that a common pathway to later ASD traits exists in
infants at elevated likelihood of ASD or ADHD. However, as discussed in SM1 (“Clinical assessment”), it remains likely that within families with ASD, rates of
actual ADHD were higher than those captured by our 1/
0 diagnostically-based rating system, reflecting the fact
that in the UK clinically diagnosed prevalence rates of
ADHD are lower than population prevalence estimates
(which is not the case for ASD; see [85]). While our
screening method was designed to reduce group mischaracterization (given that screening occurred for those
families who reported ADHD concerns), it remains possible that some infants were mischaracterized into the
EL-ASD group when they should have been in the ELASD+ADHD group. In turn, this mischaracterization
may have driven the lack of a moderating effect of likelihood status on the association between neural repetition
suppression of tactile stimulation at 10 months and ASD
traits at 24 months.
Alteration in the excitation/inhibition balance of
neural connectivity has been proposed as a mechanism
underlying many of the manifestations occurring in ASD
and ADHD, including atypical repetition suppression
[50, 55, 81]. Since repetition suppression partly reflects
GABAergic inhibition of glutaminergic pyramidal cells
in the interneuronal network [54, 55], reduced inhibition
in the somatosensory cortex could underlie the atypical
repetition suppression documented in our study. Additional perceptual phenomena that have been linked to alteration in the excitation/inhibition balance include
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binocular rivalry, spatial suppression/gain control and
orientation discrimination (for reviews see, [22, 82]). Thus,
extending to the tactile modality evidence of atypical
neural repetition suppression, our findings suggest that
such atypicality may be domain-general rather than tied to
a specific sensory modality. Gathering evidence of atypical
neural repetition suppression in the tactile modality is essential, given that touch is the first sense to develop and
the mean through which infants learn about the environment and themselves [13]. Further, touch contributes to
the development of early social bonds [15, 26, 58]. Indeed,
it has been proposed that early tactile dysfunction may exacerbate later ASD symptomatology by triggering compensatory strategies aimed at minimizing tactile input
[62].
Thus, as a final step in our analytical pipeline, we
sought to explore the effect of tactile sensory seeking as
a potential mediator or moderator of the relationship between early atypical neural response and later ASD
traits. Decreased sensory seeking is often reported in infants later developing ASD [10, 67, 96] and may represent a compensatory strategy adopted by infants to
minimize sensory input [45, 46, 67]. However, reduced
sensory seeking could also limit infants’ opportunities
for learning and socialization, thus exacerbating later
ASD traits. Contrary to this hypothesis, we found no evidence of a mediating role of tactile sensory seeking at
10 months. In contrast, we found that tactile sensory
seeking significantly moderated the association between
10-month tactile neural repetition suppression and 24month ADOS-2 CSS. This moderation effect was specific to seeking and did not extend to other sensory behaviours like avoiding (see SM2). Thus, at the same level
of neural repetition suppression of tactile stimulation,
infants reported by parents as concurrently seeking more
tactile input developed lower ASD traits at 24 months.
Thus, tactile sensory seeking could represent an independent compounding factor, moderating the association between early reduced neural repetition
suppression and later ASD traits. Indeed, previous research suggests that tactile sensory seeking does not always associate with elevated sensory responsiveness [10,
75]. We speculate that reduced neural repetition suppression may interfere with learning by slowing prior
updating [74] (see also associations with Mullen Scales
in SM2). From this perspective, increased tactile sensory
seeking may have a protective role during development
by widening opportunities for learning and socialization.

Conclusions
Overall, our study presents the first evidence of atypical
neural repetition suppression of tactile stimulation in infants at elevated likelihood of ASD. We demonstrate that
reduced tactile neural repetition suppression is an early
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marker of later ASD traits in infants at elevated likelihood of ASD or ADHD, suggesting that a common
pathway to later ASD exists across these different familial backgrounds. Further, we establish tactile sensory
seeking as a moderator of the association between early
reduced neural repetition suppression and later ASD
traits (i.e. high tactile seeking mitigates the association
between early reduced neural repetition suppression and
later ASD traits). Thus, we identify a pathway to the
emergence of ASD traits and emphasize the need to discover additional factors for the development of ADHD
traits. Future research should assess whether continuity
exists between the marker identified in the current study
and the heterogeneous spectrum of sensory features
documented later in development, including sensory
hyper/hyposensitivity manifestations.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s11689-020-09334-1.
Additional file 1:
Author details
The online version contains supplementary material available at https://doi.
org/10.1186/s11689-020-09334-1.1Centre for Brain and Cognitive
Development, Department of Psychological Sciences, Birkbeck, University of
London, London, UK. 2Institute of Psychiatry, Psychology & Neuroscience,
Psychology Department, King’s College London, London, UK. 3Department of
Psychology, Cambridge University, Cambridge, UK. 4Department of
Psychology, University of East Anglia, Norwich, UK.
Abbreviations
ADHD: Attention deficit hyperactivity disorder; ADI-R: Autism Diagnostic
Interview-Revised; ADOS-2: Autism Diagnostic Observation Schedule, Second
edition; ADOS-2 CSS: ADOS-2 Calibrated Severity Scores; ASD: Autism
spectrum disorder; BOLD: Blood-oxygen-level-dependent; CAARS: Conners
Adults ADHD Rating Scale; CI: Confidence interval; CH: Electrode channel;
DSM-5: Diagnostic and Statistical Manual of Mental Disorders, 5th edition;
DSM-IV: Diagnostic and Statistical Manual of Mental Disorders, 4th edition;
ECBQ: Early Childhood Behaviour Questionnaire;
EEG: Electroencephalography; EL-ADHD: Elevated likelihood of attention
deficit hyperactivity disorder; EL-ASD: Elevated likelihood of autism spectrum
disorder; EL-ASD+ADHD: Elevated likelihood of autism spectrum disorder
and attention deficit hyperactivity disorder; GABA: Gamma-aminobutyric acid;
ICC: Intra-class correlation coefficient; ICD-10: International Statistical
Classification of Diseases and Related Health Problems, 10th revision; ISI: Interstimulus interval; ITSP: Infant-Toddler Sensory Profile; MSEL EL: Mullen Scales
for Early Learning Expressive Language; MSEL ELC: Mullen Scales for Early
Learning Early Composite Score; MSEL FM: Mullen Scales for Early Learning
Fine Motor Score; MSEL GM: Mullen Scales for Early Learning Gross Motor
Score; MSEL RL: Mullen Scales for Early Learning Receptive Language Score;
MSEL VR: Mullen Scales for Early Learning Visual Reception Score; QCHAT: Quantitative CHecklist for Autism in Toddlers; S1: First vibrotactile
stimulus; S2: Second vibrotactile stimulus; SPS: Sensory Processing Scale;
TDDT-R: Tactile Defensiveness and Discrimination Test Revised; TL: Typical
likelihood of autism spectrum disorder and attention deficit hyperactivity
disorder; TSI: Tactile Suppression Index
Acknowledgements
We would like to thank the researchers who helped with data collection and
recruitment: Kim Davies, Janice Fernandes and Natalie Vaz. We would also
like to thank the placement students who significantly helped with data
coding: Gina Maurer and Lucy Margaret Stowe. Finally, we would like to

Piccardi et al. Journal of Neurodevelopmental Disorders

(2021) 13:1

warmly thank all the parents/caregivers and infants that took part in this
study. The BASIS/STAARS team consists of Mary Agyapong, Tessel Bazelmans,
Leila Dafner, Mutluhan Ersoy, Amy Goodwin, Rianne Haartsen, Alexandra
Hendry, Rebecca Holman, Sarah Kalwarowsky, Anna Kolesnik, Sarah LloydFox, Greg Pasco, Andrew Pickles, Laura Pirazzoli and Chloë Taylor.

Page 16 of 18

5.

6.
7.

Authors’ contributions
TC, MHJ, TG and EJHJ conceived the study. JBA collected the experimental
data in conjunction with the BASIS/STAARS Team. JBA collected, collated
and quality checked the phenotypic data. LM programmed the experiment
and assisted with technical aspects of the project. ESP, TG and MHJ
designated the data analysis pipeline. ESP and TG analyzed the data. ESP
drafted the initial version of the manuscript. All authors contributed to the
revision and editing of the manuscript; all authors approved the final version
of the manuscript.
Funding
This research was supported by awards from the Medical Research Council
(MR/K021389/1; MHJ, TC), MQ (MQ14PP_83, MHJ, EJHJ, TC). Further, this work
was also supported by the EU-AIMS and AIMS-2-TRIALS programmes funded
by the Innovative Medicines Initiative (IMI) Joint Undertaking Grant Nos.
115300 (MHJ, TC) and No. 777394 (MHJ, EJHJ and TC; European Union’s FP7
and Horizon 2020, respectively). This Joint Undertaking receives support from
the European Union’s Horizon 2020 research and innovation programme,
with in-kind contributions from the European Federation of Pharmaceutical
Industries and Associations (EFPIA) companies and funding from Autism
Speaks, Autistica and SFARI. Teodora Gliga was funded by a Wellcome Trust
grant (217469/Z/19/Z).
Availability of data and materials
The data is available from the BASIS network through a set of sharing
procedures that comply with the ethical permissions under which this highly
sensitive dataset was collected (see www.basisnetwork.org).
Ethics approval and consent to participate
Ethical approval for the study was obtained from the National Research
Ethics Service and the Research Ethics Committee of the Department of
Psychological Sciences, Birkbeck, University of London and the Psychology
Department, King’s College London. Written informed consent was obtained
from all the parents/caregivers of children who took part in the study.

8.

9.

10.

11.

12.

13.
14.

15.
16.

17.

18.

19.
Consent for publication
Not applicable

20.

Competing interests
The authors declare that they have no competing interests

21.

Author details
1
Centre for Brain and Cognitive Development, Department of Psychological
Sciences, Birkbeck, University of London, London, UK. 2Institute of Psychiatry,
Psychology & Neuroscience, Psychology Department, King’s College London,
London, UK. 3Department of Psychology, Cambridge University, Cambridge,
UK. 4Department of Psychology, University of East Anglia, Norwich, UK.

22.

Received: 21 February 2020 Accepted: 4 November 2020

24.

23.

25.
References
1. Ahveninen J, Lin FH, Kivisaari R, Autti T, Hämäläinen M, Stufflebeam S, et al.
MRI-constrained spectral imaging of benzodiazepine modulation of
spontaneous neuromagnetic activity in human cortex. Neuroimage. 2007;
35(2):577–82.
2. Ali JB, Spence C, Bremner AJ. Human infants’ ability to perceive touch in
external space develops postnatally. Current Biology, 2015;25(20):R978–9.
3. Allison C, Baron-Cohen S, Wheelwright S, Charman T, Richler J, Pasco G,
Brayne C. The Q-CHAT (Quantitative CHecklist for Autism in Toddlers): a
normally distributed quantitative measure of autistic traits at 18–24 months
of age: preliminary report. J Autism Dev Disord. 2008;38(8):1414–25.
4. American Psychiatric Association. Diagnostic and statistical manual of
mental disorders. 5th ed. Arlington: Author; 2013.

26.
27.
28.

29.
30.

Antshel KM, Russo N. Autism spectrum disorders and ADHD: Overlapping
phenomenology, diagnostic issues, and treatment considerations. Curr
Psychiatry Rep. 2019;21(5):34.
Auksztulewicz R, Friston K. Repetition suppression and its contextual
determinants in predictive coding. Cortex. 2016;80:125–40.
Baranek GT, Foster LG, Berkson G. Tactile defensiveness and stereotyped
behaviors. Am J Occup Ther. 1997;51(2):91–5.
Baranek GT, Watson LR, Boyd BA, Poe MD, David FJ, McGuire L.
Hyporesponsiveness to social and nonsocial sensory stimuli in children with
autism, children with developmental delays, and typically developing
children. Dev Psychopathol. 2013;25(2):307–20.
Baum SH, Stevenson RA, Wallace MT. Behavioral, perceptual, and neural
alterations in sensory and multisensory function in autism spectrum
disorder. Prog Neurobiol. 2015;134:140–60.
Ben-Sasson A, Hen L, Fluss R, Cermak SA, Engel-Yeger B, Gal E. A metaanalysis of sensory modulation symptoms in individuals with autism
spectrum disorders. J Autism Dev Disord. 2009;39(1):1–11.
Begum Ali, J., Charman, T., Johnson, M. H., Jones, E. J., & BASIS/STAARS
Team. (2020). Early motor differences in infants at elevated likelihood of
Autism Spectrum Disorder and/or Attention Deficit Hyperactivity Disorder.
Journal of Autism and Developmental Disorders, 1–18.
Bijlenga D, Tjon-Ka-Jie JYM, Schuijers F, Kooij JJS. Atypical sensory profiles as
core features of adult ADHD, irrespective of autistic symptoms. Eur
Psychiatry. 2017;43:51–7.
Bremner AJ, Spence C. The development of tactile perception. Adv Child
Dev Behav. 2017;52:227–68 JAI.
Carden SW, Holtzman NS, Strube MJ. CAHOST: An excel workbook for
facilitating the Johnson-Neyman technique for two-way interactions in
multiple regression. Front Psychol. 2017;8:1293.
Cascio CJ. Somatosensory processing in neurodevelopmental disorders. J
Neurodev Disord. 2010;2(2):62.
Cascio CJ, Lorenzi J, Baranek GT. Self-reported pleasantness ratings and
examiner-coded defensiveness in response to touch in children with ASD:
effects of stimulus material and bodily location. J Autism Dev Disord. 2016;
46(5):1528–37.
Charman T, Baird G, Simonoff E, Loucas T, Chandler S, Meldrum D, Pickles A.
Efficacy of three screening instruments in the identification of autisticspectrum disorders. Br J Psychiatry. 2007;191(6):554–9.
Chelini G, Zerbi V, Cimino L, Grigoli A, Markicevic M, Libera F, Robbiati S,
et al. Aberrant somatosensory processing and connectivity in mice lacking
Engrailed-2. J Neurosci. 2019;39(8):1525–38.
Cohen MX. Analyzing neural time series data: theory and practice: MIT press,
Cambridge, Massachusetts; 2014. .
Conners CK, Goldstein S. Conners Early childhood: Manual. Toronto: MultiHealth Systems Incorporated; 2009.
de Klerk CC, Johnson MH, Southgate V. An EEG study on the somatotopic
organisation of sensorimotor cortex activation during action execution and
observation in infancy. Dev Cogn Neurosci. 2015;15:1–10.
Dickinson A, Jones M, Milne E. Measuring neural excitation and inhibition in
autism: different approaches, different findings and different interpretations.
Brain Res. 2016;1648:277–89.
Dockstader C, Gaetz W, Cheyne D, Wang F, Castellanos FX, Tannock R. MEG
event-related desynchronization and synchronization deficits during basic
somatosensory processing in individuals with ADHD. Behav Brain Funct.
2008;4(1):8.
Dunn, W. (2002). Infant/toddler sensory profile: User’s manual. San Antonio,
TX: Psychological Corporation.
Edden RA, Crocetti D, Zhu H, Gilbert DL, Mostofsky SH. Reduced GABA
concentration in attention-deficit/hyperactivity disorder. Arch Gen
Psychiatry. 2012;69(7):750–3.
Ferber SG, Feldman R, Makhoul IR. The development of maternal touch
across the first year of life. Early Hum Dev. 2008;84(6):363–70.
Flanagan JE, Landa R, Bhat A, Bauman M. Head lag in infants at risk for
autism: a preliminary study. Am J Occup Ther. 2012;66(5):577–85.
Foss-Feig JH, Heacock JL, Cascio CJ. Tactile responsiveness patterns and
their association with core features in autism spectrum disorders. Res
Autism Spectr Disord. 2012;6(1):337–44.
Ghanizadeh A. Tactile sensory dysfunction in children with ADHD. Behav
Neurol. 2008;20(3-4):107–12.
Ghanizadeh A. Sensory processing problems in children with ADHD, a
systematic review. Psychiatry Investig. 2011;8(2):89.

Piccardi et al. Journal of Neurodevelopmental Disorders

(2021) 13:1

31. Ghirardi L, Brikell I, Kuja-Halkola R, Freitag CM, Franke B, Asherson P, et al.
The familial co-aggregation of ASD and ADHD: a register-based cohort
study. Mol Psychiatry. 2018;23(2):257.
32. Gibson JR, Bartley AF, Hays SA, Huber KM. Imbalance of neocortical
excitation and inhibition and altered UP states reflect network
hyperexcitability in the mouse model of fragile X syndrome. J Neurophysiol.
2008;100(5):2615–26.
33. Gliga T, Jones EJ, Bedford R, Charman T, Johnson MH. From early
markers to neuro-developmental mechanisms of autism. Dev Rev. 2014;
34(3):189–207.
34. Gotham K, Pickles A, Lord C. Trajectories of autism severity in children using
standardized ADOS scores. Pediatrics. 2012;130(5):e1278–84.
35. Grandin T. How people with autism think. In: Learning and cognition in
autism. Boston: Springer; 1995. p. 137–56.
36. Green SA, Hernandez L, Tottenham N, Krasileva K, Bookheimer SY, Dapretto
M. Neurobiology of sensory overresponsivity in youth with autism spectrum
disorders. JAMA Psychiatry. 2015;72(8):778–86.
37. Guiraud JA, Kushnerenko E, Tomalski P, Davies K, Ribeiro H, Johnson MH,
BASIS Team. Differential habituation to repeated sounds in infants at high
risk for autism. Neuroreport. 2011;22(16):845–9.
38. Gurevitz M, Geva R, Varon M, Leitner Y. Early markers in infants and toddlers
for development of ADHD. J Atten Disord. 2014;18(1):14–22.
39. Hayes, A. F. (2017). Introduction to mediation, moderation, and conditional
process analysis: A regression-based approach. New York: The Guilford Press.
40. He CX, Cantu DA, Mantri SS, Zeiger WA, Goel A, Portera-Cailliau C. Tactile
defensiveness and impaired adaptation of neuronal activity in the Fmr1
knock-out mouse model of autism. J Neurosci. 2017;37(27):6475–87.
41. Hilton CL, Harper JD, Kueker RH, Lang AR, Abbacchi AM, Todorov A,
LaVesser PD. Sensory responsiveness as a predictor of social severity in
children with high functioning autism spectrum disorders. J Autism Dev
Disord. 2010;40(8):937–45.
42. Hutchison AK, Hunter SK, Wagner BD, Calvin EA, Zerbe GO, Ross RG.
Diminished infant P50 sensory gating predicts increased 40-month-old
attention, anxiety/depression, and externalizing symptoms. J Atten Disord.
2017;21(3):209–18. https://doi.org/10.1177/1087054713488824.
43. IBM Corporation. SPSS statistics for Mac, version 23. 2015.
44. Iverson JM, Shic F, Wall CA, Chawarska K, Curtin S, Estes A, et al. Early
motor abilities in infants at heightened versus low risk for ASD: a Baby
Siblings Research Consortium (BSRC) study. J Abnorm Psychol. 2019;
128(1):69.
45. Johnson MH, Gliga T, Jones E, Charman T. Annual research review: infant
development, autism, and ADHD–early pathways to emerging disorders. J
Child Psychol Psychiatry. 2015a;56(3):228–47.
46. Johnson MH, Jones EJ, Gliga T. Brain adaptation and alternative
developmental trajectories. Dev Psychopathol. 2015b;27(2):425–42.
47. Jones EJ, Gliga T, Bedford R, Charman T, Johnson MH. Developmental
pathways to autism: a review of prospective studies of infants at risk.
Neurosci Biobehav Rev. 2014;39:1–33.
48. Joshi G, Faraone SV, Wozniak J, Tarko L, Fried R, Galdo M, et al. Symptom
profile of ADHD in youth with high-functioning autism spectrum disorder: a
comparative study in psychiatrically referred populations. J Atten Disord.
2017;21(10):846–55.
49. Kadlaskar, Girija, Amanda Seidl, Helen Tager-Flusberg, Charles A. Nelson, and
Brandon Keehn. "Atypical response to caregiver touch in infants at high risk
for autism spectrum disorder." Journal of autism and developmental
disorders 49, no. 7 (2019): 2946-2955. .
50. Kelsom C, Lu W. Development and specification of GABAergic cortical
interneurons. Cell Biosci. 2013;3(1):19.
51. Khan S, Hashmi JA, Mamashli F, Bharadwaj HM, Ganesan S, Michmizos KP,
et al. Altered onset response dynamics in somatosensory processing in
autism spectrum disorder. Front Neurosci. 2016;10:255.
52. Kim BN, Lee JS, Shin MS, Cho SC, Lee DS. Regional cerebral perfusion
abnormalities in attention deficit/hyperactivity disorder. Eur Arch Psychiatry
Clin Neurosci. 2002;252(5):219–25.
53. Kolesnik A, Ali JB, Gliga T, Guiraud J, Charman T, Johnson MH, Jones EJ.
Increased cortical reactivity to repeated tones at 8 months in infants with
later ASD. Transl Psychiatry. 2019;9(1):46.
54. Kuravi P, Vogels R. GABAergic and cholinergic modulation of repetition
suppression in inferior temporal cortex. Sci Rep. 2018;8(1):13160.
55. Leonard S, Gault J, Hopkins J, Logel J, Vianzon R, Short M, et al. Association
of promoter variants in the α7 nicotinic acetylcholine receptor subunit gene

Page 17 of 18

56.

57.

58.

59.
60.

61.

62.
63.

64.

65.
66.
67.
68.

69.

70.
71.

72.

73.
74.
75.
76.

77.

78.

79.

80.

81.

with an inhibitory deficit found in schizophrenia. Arch Gen Psychiatry. 2002;
59(12):1085–96.
Lord C, Rutter M, DiLavore PC, Risi S, Gotham K, Bishop S. Autism Diagnostic
Observation Schedule, Second Edition (ADOS-2) Manual (Part I): modules 1–
4. Torrance: Western Psychological Services; 2012.
Lőrincz ML, Kékesi KA, Juhász G, Crunelli V, Hughes SW. Temporal framing of
thalamic relay-mode firing by phasic inhibition during the alpha rhythm.
Neuron. 2009;63(5):683–96.
Mammen MA, Moore GA, Scaramella LV, Reiss D, Ganiban JM, Shaw DS,
et al. Infant avoidance during a tactile task predicts autism spectrum
behaviors in toddlerhood. Infant Ment Health J. 2015;36(6):575–87.
Marco EJ, Hinkley LB, Hill SS, Nagarajan SS. Sensory processing in autism: a
review of neurophysiologic findings. Pediatr Res. 2011;69(5 Pt 2):48R–54R.
Maenner MJ, Shaw KA, Baio J. Prevalence of autism spectrum disorder
among children aged 8 years—autism and developmental disabilities
monitoring network, 11 sites, United States, 2016. MMWR Surveillance
Summaries. 2020;69(4):1.
McCormick C, Hessl D, Macari SL, Ozonoff S, Green C, Rogers SJ.
Electrodermal and behavioral responses of children with autism spectrum
disorders to sensory and repetitive stimuli. Autism Res. 2014;7(4):468–80.
Mikkelsen M, Wodka EL, Mostofsky SH, Puts NA. Autism spectrum disorder in the
scope of tactile processing. Developmental cognitive neuroscience. 2018;29:140–50. .
Miller M, Musser ED, Young GS, Olson B, Steiner RD, Nigg JT. Sibling
recurrence risk and cross-aggregation of attention-deficit/hyperactivity
disorder and autism spectrum disorder. JAMA Pediatr. 2019;173(2):147–52.
Miller, M., Iosif, A. M., Bell, L. J., Farquhar-Leicester, A., Hatch, B., Hill, A., ... &
Ozonoff, S. (2020). Can Familial Risk for ADHD Be Detected in the First Two
Years of Life?. Journal of Clinical Child & Adolescent Psychology, 1-13. .
Millin R, Kolodny T, Flevaris AV, Kale AM, Schallmo MP, Gerdts J, et al. Reduced
auditory cortical adaptation in autism spectrum disorder. eLife. 2018;7:e36493.
Mullen EM. Mullen scales of early learning. Circle Pines: AGS; 1995. p. 58–64.
Mulligan S, White BP. Sensory and motor behaviors of infant siblings of
children with and without autism. Am J Occup Ther. 2012;66(5):556–66.
Musser ED, Hawkey E, Kachan-Liu SS, Lees P, Roullet JB, Goddard K, et al.
Shared familial transmission of autism spectrum and attention-deficit/
hyperactivity disorders. J Child Psychol Psychiatry. 2014;55(7):819–27.
Nijmeijer JS, Minderaa RB, Buitelaar JK, Mulligan A, Hartman CA, Hoekstra PJ.
Attention-deficit/hyperactivity disorder and social dysfunctioning. Clin
Psychol Rev. 2008;28(4):692–708.
Nordt M, Hoehl S, Weigelt S. The use of repetition suppression paradigms in
developmental cognitive neuroscience. Cortex. 2016;80:61–75.
Orefice LL, Mosko JR, Morency DT, Wells MF, Tasnim A, Mozeika SM, et al.
Targeting peripheral somatosensory neurons to improve tactile-related
phenotypes in ASD models. Cell. 2019;178(4):867–86.
Orekhova EV, Stroganova TA, Prokofyev AO, Nygren G, Gillberg C, Elam M.
Sensory gating in young children with autism: relation to age, IQ, and EEG
gamma oscillations. Neurosci Lett. 2008;434(2):218–23.
Parise E, Csibra G. Neural responses to multimodal ostensive signals in 5month-old infants. PLoS One. 2013;8(8):e72360.
Pellicano E, Burr D. When the world becomes ‘too real’: a Bayesian
explanation of autistic perception. Trends Cogn Sci. 2012;16(10):504–10.
Piccardi, E. S., Johnson, M. H., & Gliga, T. (2020). Explaining individual
differences in infant visual sensory seeking. Infancy, 25(5), 677-698. .
Polanczyk GV, Salum GA, Sugaya LS, Caye A, Rohde LA. Annual research
review: a meta-analysis of the worldwide prevalence of mental disorders in
children and adolescents. J Child Psychol Psychiatry. 2015;56(3):345–65.
Putnam SP, Gartstein MA, Rothbart MK. Measurement of fine-grained
aspects of toddler temperament: The Early Childhood Behavior
Questionnaire. Infant Behav Dev. 2006;29(3):386–401.
Puts NA, Harris AD, Mikkelsen M, Tommerdahl M, Edden RA, Mostofsky SH.
Altered tactile sensitivity in children with attention-deficit hyperactivity
disorder. J Neurophysiol. 2017a;118(5):2568–78.
Puts NA, Wodka EL, Harris AD, Crocetti D, Tommerdahl M, Mostofsky SH,
Edden RA. Reduced GABA and altered somatosensory function in children
with autism spectrum disorder. Autism Res. 2017b;10(4):608–19.
Puts NA, Wodka EL, Tommerdahl M, Mostofsky SH, Edden RA. Impaired tactile
processing in children with autism spectrum disorder. J Neurophysiol. 2014;111(9):
1803–11.
Richter MM, Ehlis AC, Jacob CP, Fallgatter AJ. Cortical excitability in adult
patients with attention-deficit/hyperactivity disorder (ADHD). Neurosci Lett.
2007;419(2):137–41.

Piccardi et al. Journal of Neurodevelopmental Disorders

(2021) 13:1

82. Robertson CE, Baron-Cohen S. Sensory perception in autism. Nat Rev
Neurosci. 2017;18(11):671–84.
83. Ronald A, Larsson H, Anckarsäter H, Lichtenstein P. Symptoms of autism and
ADHD: a Swedish twin study examining their overlap. J Abnorm Psychol.
2014;123(2):440.
84. Ronald A, Simonoff E, Kuntsi J, Asherson P, Plomin R. Evidence for
overlapping genetic influences on autistic and ADHD behaviours in a
community twin sample. J Child Psychol Psychiatry. 2008;49(5):535–42.
85. Russell G, Rodgers LR, Ukoumunne OC, Ford T. Prevalence of parentreported ASD and ADHD in the UK: findings from the Millennium Cohort
Study. J Autism Dev Disord. 2014;44(1):31–40.
86. Scherder EJ, Rommelse NN, Bröring T, Faraone SV, Sergeant JA.
Somatosensory functioning and experienced pain in ADHD-families: a pilot
study. Eur J Paediatr Neurol. 2008;12(6):461–9.
87. Schoen SA, Miller LJ, Sullivan JC. Measurement in sensory modulation: the
sensory processing scale assessment. Am J Occup Ther. 2014;68(5):522–30.
88. Schreckenberger M, Lange-Asschenfeld C, Lochmann M, Mann K, Siessmeier
T, Buchholz HG, et al. The thalamus as the generator and modulator of EEG
alpha rhythm: a combined PET/EEG study with lorazepam challenge in
humans. Neuroimage. 2004;22(2):637–44.
89. Seery A, Tager-Flusberg H, Nelson CA. Event-related potentials to repeated
speech in 9-month-old infants at risk for autism spectrum disorder. J
Neurodev Disord. 2014;6(1):43.
90. Shephard, E., Bedford, R., Milosavljevic, B., Gliga, T., Jones, E. J., Pickles, A., ... &
Bolton, P. (2019). Early developmental pathways to childhood symptoms of
attention‐deficit hyperactivity disorder, anxiety and autism spectrum
disorder. Journal of Child Psychology and Psychiatry, 60(9), 963-974. .
91. Silva LM, Schalock M. Prevalence and significance of abnormal tactile
responses in young children with autism. N Am J Med Sci. 2013;6(3):121–7.
92. Sinha P, Kjelgaard MM, Gandhi TK, Tsourides K, Cardinaux AL, Pantazis D,
et al. Autism as a disorder of prediction. Proc Natl Acad Sci. 2014;111(42):
15220–5.
93. Spiller SA, Fitzsimons GJ, Lynch JG Jr, McClelland GH. Spotlights, floodlights,
and the magic number zero: Simple effects tests in moderated regression. J
Mark Res. 2013;50(2):277–88.
94. Stergiakouli E, Smith GD, Martin J, Skuse DH, Viechtbauer W, Ring SM, et al.
Shared genetic influences between dimensional ASD and ADHD symptoms
during child and adolescent development. Mol Autism. 2017;8(1):18.
95. Tavassoli T, Miller LJ, Schoen SA, Nielsen DM, Baron-Cohen S. Sensory overresponsivity in adults with autism spectrum conditions. Autism. 2014;18(4):
428–32.
96. Thye MD, Bednarz HM, Herringshaw AJ, Sartin EB, Kana RK. The impact of
atypical sensory processing on social impairments in autism spectrum
disorder. Dev Cogn Neurosci. 2018;29:151–67.
97. Tomchek SD, Dunn W. Sensory processing in children with and without
autism: a comparative study using the short sensory profile. Am J Occup
Ther. 2007;61(2):190–200.
98. Tye C, Asherson P, Ashwood KL, Azadi B, Bolton P, McLoughlin G. Attention
and inhibition in children with ASD, ADHD and co-morbid ASD+ ADHD: an
event-related potential study. Psychol Med. 2014;44(5):1101–16.
99. Visser JC, Rommelse NN, Greven CU, Buitelaar JK. Autism spectrum disorder
and attention-deficit/hyperactivity disorder in early childhood: a review of
unique and shared characteristics and developmental antecedents. Neurosci
Biobehav Rev. 2016;65:229–63.
100. Whyatt C, Craig C. Sensory-motor problems in Autism. Front Integr
Neurosci. 2013;7:51.
101. Zentall SS, Zentall TR. Optimal stimulation: a model of disordered activity
and performance in normal and deviant children. Psychol Bull. 1983;94(3):
446.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 18 of 18

